Apple (Malus pumila) procyanidins led to a potent vasorelaxation effect in 1.0 M phenylephrine-contractive rat thoracic aorta. Relaxation was greatly reduced by 70 mM KCl as well as by removal of the endothelium, suggesting that it was associated with endotheliumdependent hyperpolarization. Neither cAMP synthesis inhibition nor NAD(P)H oxidase inhibition abolished the effect. In contrast, complete abolition by a soluble guanylyl cyclase inhibitor revealed that apple procyanidins were mainly involved in the cGMP production pathways. In the presence of N G -monoethyl-L-arginine or tetraethylammonium chloride, the effect was still observed at higher concentrations (>25 g/ml), while their combination completely diminished the effect. Vasorelaxation was to some extent affected by paxillin, apamin and glybenclamide, and was greatly affected by 4-aminopyridine and by BaCl 2 . These results indicate that procyanidin-induced vasorelaxation is associated with NO-cGMP pathway in combination with hyperpolarization due to multiple activation of Ca 2þ -dependent and -independent K þ channels.
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Key words: apple procyanidins; vasorelaxation; NO; K þ channel Biologically active polyphenols have gained much interest because of their beneficial effects on health. In a series of studies by us regarding the functionality of apple (Malus pumila) procyanidins (AP), they have proved effective in preventing lifestyle-related diseases such as obesity, 1) as in other reports on their anti-cancer cell growth 2) and anti-tumor activity.
3)
It has been found that AP, a group of polymerized catechins ranging from dimers to pentadecamers in apple, can be absorbed intact, and procyanidins within the pentamer were detectable in rat plasma. 4, 5) Intact absorption of AP led us to do further experiments regarding the preventive effects of AP against metabolic syndromes such as hypertension. Recent reports regarding procyanidins [6] [7] [8] have provided useful information that they play potential roles in regulating vessel functions. Magos et al. 6) concluded that the vasorelaxation effect of antihypertensive procyanidins from Guazuma ulmifolia due to NO-mediated pathways as tannins were involved in the NO/cGMP pathway.
7)
Dalbo et al. 8) also reported that endothelium-dependent vasorelaxation of procyanidins from Croton celtidifolius was involved in the activation of Ca 2þ -dependent K þ channels. In contrast, Kwan et al. 9) found that vasorelaxation due to procyanidin-rich extract was caused by the opening of multiple K þ channels. The diverse vasorelaxation mechanisms reported so far may be caused by multiple active procyanidins of different origin due to heterogeneous condensation of catechins by plant polyphenol oxidases. 10) In this study, we aimed to access the potential role of apple procyanidins in regulating vessel functions and to go further with the characterization of relaxation-signaling pathways.
Materials and Methods
Materials. The AP extract used in this study was a product prepared according to our previous report. 4) Phenylephrine (PE), N G -monomethyl-L-arginine (L-NMMA), acetylcholine, and DPPH (1,1-diphenyl-2-picrylhydrazyl) were purchased from Wako Pure Chemicals (Osaka, Japan). Superoxide dismutase (SOD, EC 1.15.1.1) was from Sigma-Aldrich (St. Louis, MO). Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylc acid), TEA (tetraethyl ammonium chloride) as a non-selective K þ channel inhibitor, ODQ (1-H- [1, 2, 4] oxadiazolo- [4, 3] quinoxalin-1-one) as a soluble guanylyl cyclase (sGC) inhibitor, atropine as a muscarinic receptor antagonist, paxillin as a largeconductance Ca
inhibitor, and BaCl 2 as an inward rectifier K þ channel (K ir ) inhibitor were from SigmaAldrich. Apocynin as an NAD(P)H oxidase inhibitor was from Calbiochem (Merck, Darmstadt, Germany). All other chemicals were of analytical-reagent grade and used without further purification.
Preparation of apple procyanidins. Apple polyphenol extract, apple procyanidins (AP), and other polyphenol fractions (OP) containing catechins were prepared by our previous procedure.
1 ) The polyphenol profiles of apple polyphenol extract were analyzed by reversed-and normal-phase HPLC, and we characterized the structures by LC-MS. 4) As shown in Table 1 , apple polyphenol extract contained 65.7% AP and 29.8% catechins and others.
y To whom correspondence should be addressed. Fax: +81-92-642-3012; E-mail: tmatsui@agr.kyushu-u.ac.jp Abbreviations: AP, apple procyanidins; PE, phenylephrine; EDHF, endothelium-dependent hyperpolarization factor; L-NMMA, N G -monomethyl-L-arginine; TEA, tetraethyl ammonium chloride DPPH radical scavenging assay. A DPPH radical scavenging assay was conducted to evaluate the antioxidant activities of apple polyphenol extract, AP, and OP. 11) Briefly, 200 ml of sample dissolved in water was mixed with 800 ml of 0.1 M Tris-HCl buffer (pH 7.4), followed by the addition of 1.0 ml of 0.2 mM DPPH solution. After incubation for 30 min, the decrease in absorption at 517 nm was monitored. DPPH radical scavenging activity was expressed as a Trolox equivalent (TE) by dividing the IC 50 value of Trolox (7:3 AE 0:2 mg/ml for DPPH assay) by that of the sample.
SOD-like radical scavenging assay. SOD-like radical scavenging assay by an SOD Assay kit-WST (Dojindo, Kumamoto, Japan) was conducted to evaluate the superoxide anion radical (O 2 À ) scavenging activities of apple polyphenol extract, AP, and OP. 12) Briefly, 20 ml of sample solution was mixed with 200 ml of WST working solution, followed by the addition of 20 ml of enzyme solution. After incubation for 10 min, the increase in absorption at 450 nm was monitored. SODlike radical scavenging activity (unit/mg) was obtained by dividing the IC 50 value of SOD (unit/ml) by that of the sample (mg/ml).
Preparation of isolated thoracic aorta rings. Preparation of thoracic aorta rings for measurement of isometric vessel tension was performed as in our previous study. 13 ) Male 8-9 weeks-old Sprague-Dawley (SD) rats (SPF/VAF Crj:SD; Charles River Japan, Kanagawa, Japan) weighing 280-300 g were anesthetized with diethyl ether and then exsanguinated. The thoracic aorta was carefully excised and equilibrated for 45 min in PSS buffer (pH 7.4) at 37 C, and bubbled with a 95% O 2 and 5% CO 2 gas mixture. The PSS buffer had the following composition (in mM): NaCl 145, KCl 5.0, Na 2 HPO 4 1.0, CaCl 2 2.5, MgSO 4 0.5, glucose 10, and HEPES 5. After equilibration, the thoracic aorta was cleaned of adhering fat and connective tissue, and was cut into rings 2 to 3 mm in length. In order to examine the endotheliumindependent vascular response, the endothelium was denuded by gently rubbing the luminal surface with a fine needle. The effectiveness of endothelium removal was confirmed by the absence of 100 mM acetylcholine-induced vasorelaxation in the contracted aorta rings. All the experiments were carried out following the ''Guidance for Animal Experiments'' of the Faculty of Agriculture and the Graduate of Kyushu University and Law no. 105, 1973 and Notification no. 6, 1980 of the Prime Minister's Office of the Japanese Government.
Contractive study. Prepared thoracic aorta rings were mounted between two stainless steel hooks in a 5-ml organ bath filled with PSS buffer maintained at 37 C. The rings were allowed to equilibrate for 45 min under a resting tension of 2 g before the experiments were begun. During the equilibration period, the PSS buffer, adequately bubbled with the gas mixture (95% O 2 /5% CO 2 ), was exchanged every 15 min. Aorta rings were contracted with 1.0 mM PE or 70 mM KCl, and then sample solution was added to the bath in a cumulative manner (0.3-100 mg/ml) after maximal contractive tension was achieved. The changes in isometric tension (g) were measured with a force transducer, which was connected via an amplifier (Bridge 8, World Precision Instruments, Sarasota, FL) to a data acquisition system (Biopac System; model MP100, Santa Barbara, CA). In all experiments for endothelium-dependent vascular responses, special care was taken to avoid damaging the luminal surface of the endothelium.
For contractive studies using inhibitors, aorta rings were pretreated with either 100 mM L-NMMA, 0.5 mM atropine, 100 mM apocynin, 10 mM ODQ, 10 mM TEA, 10 mM paxillin, 1 mM apamin, 10 mM glybenclamide, 1 mM 4-aminopyridine, or 100 mM BaCl 2 for 15 min before the addition of 1.0 mM PE.
Measurement of cGMP in aorta rings. Vascular cGMP as a vasorelaxation messenger was evaluated in prepared aorta segments (about 20 mg). Aorta rings were incubated in the presence of 1.0 mM PE, 1.0 mM PE þ 10 mg/ml AP, or 1.0 mM PE þ 100 mM acetylcholine for 15 min. After incubation, the rings were homogenized in 0.1 M HCl. The homogenates were centrifuged for 10 min at 1;500 g, and the supernatant was used in cGMP enzyme immunoassay (cGMP EIA, Assay Designs, Ann Arbor, MI). The supernatant was subjected to protein assay (Bio-Rad, Tokyo) using bovine serum albumin as the standard. The amount of cGMP was expressed as picomole of cGMP/mg protein from aorta ring.
Statistics. Results were expressed as mean AE S.E.M. and n refers to the rat aorta ring preparations used in each experiment. Relaxation was expressed as percent change of PE-contracted maximal level. Statistical difference between curves was analyzed by a two-way of variance (ANOVA). Statistical differences between two groups were analyzed by unpaired Student's t-test. p < 0:05 was considered to be significant. All analyses were conduced with Stat View J5.0 (SAS Institute, Cary, NC).
Results
Antioxidant activity of AP SOD-like and DPPH radical scavenging activities of apple polyphenol extract, AP (apple procyanidins), and OP (other fractions) as well as (þ)-catechin were measured. As summarized in Table 2 , apple polyphenol extract, AP, and OP showed similar DPPH radical scavenging activity with about 1.6 TE (Trolox Equivanent) capacity, but were about 1/2-fold weaker than that of (þ)-catechin (2.70 TE capacity). The SOD-like radical scavenging activity of AP was compatible with OP, while the apple polyphenol extract itself showed lower O 2 À scavenging activity rather than AP and OP.
Vasorelaxation effect of AP
In the endothelium-intact thoracic aorta rings, apple polyphenol extract and AP caused a potent dose- dependent vasorelaxation effect on the 1.0-mM PEcontracted aorta rings, while no effect was observed for OP at cumulative concentrations of 0.3-100 mg/ml (Fig. 1) . This indicates that the other fractions of apple polyphenol extract rich in catechins and phenolic acids were not candidates for vasorelaxation of apple polyphenol extract within the present assay conditions. In other words, the factor responsible for the effect induced by apple polyphenol extract was apple procyandins (AP). The effective concentrations producing a 50% relaxation of the maximal contractive response (EC 50 ) of apple polyphenol extract and AP by PE was estimated to be 24 and 11 mg/ml respectively. Removal of the endothelium layer from the aorta rings resulted in complete abolition of the vasorelaxation effect of AP (p ¼ 0:0028, Fig. 2 ), strongly suggesting that the effect was caused by endothelium-dependent vascular events of AP. Figure 3 shows the effects of several inhibitors responsible for endothelium-dependent contractive pathways on AP-induced vasorelaxation in the 1.0-mM PEstimulated rings. The addition of 100 mM L-NMMA, an eNOS inhibitor, caused a significant reduction of the effect (p ¼ 0:0087), but AP at higher concentrations (>25 mg/ml) maintained the vasorelaxation effect (Fig. 3A) . In contrast, atropine as a muscarinic receptor antagonist and apocynin as an NAD(P)H oxidase inhibitor did not affect the AP-induced vasorelaxation effect ( Fig. 3B and C) . Complete abolition of APrelaxation in the PE-contractive aorta rings was observed in the presence of ODQ (a sGC inhibitor) (Fig. 3D) . In the 1.0-mM PE-stimulated aorta rings, the basal cGMP level (0:65 AE 0:29 pmol/mg-protein) was significantly (p < 0:05) enhanced by the addition of 12 mg/ml, AP (2:42 AE 0:24 pmol/mg-protein) as well as 100-mM acetylcholine-induced increment as a positive control (Fig. 4) . Figure 5 depicts the effects of KCl stimulation and K þ channel inhibition on AP-induced vasorelaxation. In a 70-mM KCl-stimulated aorta ring, the relaxation of AP was reduced compared to that under PE stimulation (Fig. 5A) , suggesting that AP is involved in the hyperpolarization of aorta rings. Non-selective K þ channel inhibitor of TEA (10 mM) greatly affected the vasorelaxation effect of AP (p ¼ 0:0145), but AP at higher concentrations (>25 mg/ml) still caused the vasorelaxation effect to the extent of >30% relaxation (Fig. 5B) , similar to L-NMMA (Fig. 3A) . In contrast, overall relaxation of AP (0.3-100 mg/ml) was completely inhibited by L-NMMA þ TEA (Fig. 5C) .
AP-induced vasorelaxation action
Subsequent experiments using various K þ channel inhibitors provided useful information, as shown in Fig. 6 . Ten mM paxillin, 1 mM apamin, or 10 mM glybenclamide tended to reduce AP-relaxation with approximately 2-fold higher EC 50 value for each inhibitor, though no significant difference between curves was observed at p > 0:05 (Fig. 6A) . One mM 4-aminopyridine and also 100 mM BaCl 2 significantly reduced the AP-relaxation, with a >4-fold higher EC 50 value (p ¼ 0:0447 and 0.0256 respectively) (Fig. 6B) , indicating that AP-relaxation is in part caused by combinatorial effects of BK Ca 2þ , SK Ca 2þ , and K ATP stimulation with Ca 2þ -independent K V and K ir stimulation. AP was added in a cumulative manner (0.3-100 mg/ml) to 1.0 mM PE-contractive aortas. Removal of the endothelium layer was confirmed by the addition of 100 mM acetylcholine before PEcontraction. Results are expressed as mean AE S.E.M. (n ¼ 4{5). Significant difference between E (þ) and E (À) groups was evaluated by two-way ANOVA (p ¼ 0:0028).
Discussion
We have reported some physiological functions capable of modulating lifestyle-related diseases by AP, in which they elicited anti-obesity effects through inhibition of triglyceride absorption in mice. 1) In addition, clear evidence of intact absorption of oligomeric AP 6) led us to investigate the involvement of absorbed AP in the prevention of life-style related diseases. In the present study, we found that treatment of an isolated rat aorta with AP relaxed PE-induced contraction in an endothelium-dependent manner. The AP-relaxation power was an EC 50 value of 11 mg/ml, effective for in vivo vessel regulation, since AP was absorbed into the blood system at a plasma concentration of 10.2 mg/ml 2 h after a 1 g/kg dose administered to Wistar rats.
6) The candidates were found to be procyanidins in apple polyphenol extract, not other fractions, catechins and phenolic acids. The finding that apple procyanidins evoked significant endotheliumdependent vasorelaxation as well as procyanidins from other origins such as Euphorbiaceae bark 6) and Chinese herb leaf 9) revealed a potential role of AP as a bioactive phytochemical in vessel regulation systems.
Endothelium-dependent vasorelaxation pathways involve prostacyclin (or prostaglandin I 2 )-cAMP, NOcGMP, and EDHF (endothelium-dependent hyperpolarization factor) mediation. 14) When PE-contractive aorta rings were treated with 0.5 mM atropine as a muscarinic receptor antagonist, no decreased vasoactivity of procyanidins was observed. No interaction of polyphenols with muscarinic receptor or prostacyclin production has been reported. 15) Despite this, Mendes et al. 16) have reported possible vasorelaxation involvement of grape polyphenols including anthocyanins and procyanidin dimers in purinoceptors, through which NO production is triggered. Although increasing NO production via other receptor-agonistic actions by AP could not be ruled out, the stimulation of endothelium-dependent prostacyclin-cAMP relaxation pathway should be excluded from the underlying relaxation mechanisms.
The importance of NO in the regulation of vascular tone is recognized. By it relaxation of smooth muscle via sGC stimulated-cGMP/cGMP kinase I activation was brought about under physiological conditions. 17) There A, L-NMMA (100 mM); B, atropine (0.5 mM); C, apocynin (100 mM); D, ODQ (10 mM) was added before PE-contraction, and contractive tension was recorded after the addition of AP. Results are expressed as mean AE S.E.M. (n ¼ 4{5). Significant difference between the absence and the presence of the inhibitor was evaluated by two-way ANOVA. (n ¼ 4). Significant difference between AP and control was evaluated by unpaired Student's-t test. p < 0:05 was considered to be significant. Acetylcholine (100 mM) was used as a positive control to confirm the vascular tone of the aorta rings in this experiment.
is clear evidence from the present study that the relaxation of AP was a result of cGMP promotion through the activation of sGC, since relaxation in the PE-contractive aorta was completely abolished by the ODQ-blocked sGC/cGMP cascade. Since apocynin did not affect the AP-induced vasorelaxation, it appears likely that the action was not associated with increased NO availability by suppression of O 2 À produced by NAD(P)H oxidase. The finding that AP showed similar O 2 À scavenging activity while OP had no vasorelaxation power (Fig. 1) , as well as the weaker DPPH radical-scavenging activity of AP than of (þ)-catechin (Table 2) , also confirms the limited involvement of AP in the suppression of NAD(P)H oxidase-O 2 À generation. In addition, the present finding that in the presence of 100 mM L-NMMA AP at higher concentrations of >25 mg/ml there remained an ability to relax the PEcontractive aorta suggests that the relaxation was caused not only by the NO/cGMP pathway, but also by other underlying mechanisms.
The KCl (70 mM)-stimulation experiments provided useful information concerning the relaxation mechanism of AP, in which depolarization of the aorta rings failed to evoke vasoactivity of procyanidins. AP-induced relaxation had no ability to overwhelm depolarizedcontraction (0.3-100 mg/ml of AP). It is well known that vascular tone is closely associated with membrane potential and that depolarization by high extracellular K þ ions easily closes K þ channels without muscarinic acetylcholine-receptor/cAMP stimulation, 18) followed by the opening of voltage-gated Ca 2þ channels or vasocontraction in the smooth muscle. 19) In that study, less relaxation of AP in 70 mM KCl-contractive rat aorta rings suggested that AP plays a role in the induction of membrane hyperpolarization by activating K þ channels. 20) As a result of K þ channel inhibitions, vasorelaxation by AP at lower concentrations of <25 mg/ml was blocked by 10 mM TEA, demonstrating that AP was partly involved in TEA-sensitive K þ channel stimulation, like ginsenosides. 21) 4-Aminopyridine and BaCl 2 significantly shifted the vasorelaxation curve to the right, and paxillin, apamin, and glybenclamide had a tendency to inhibit this effect. As DalBo et al. 8) reported, BK Ca 2þ þ SK Ca 2þ inhibitors abolished the relaxation of procyanidins, although less abolition was observed for each inhibitor alone. This implies that blocking both small and large-conductance Ca 2þ -activated K þ channels can abolish AP relaxation (the combination experiment not done). This finding allowed us to explain that AP relaxation is caused by the combinatorial effect of BK Ca 2þ , SK Ca 2þ , and K ATP stimulation with Ca 2þ -independent K V and K ir stimulation. However, it remains unclear whether AP in itself activates these channels or activates the sGC/cGMP cascade through NO and/or EDHF (e.g., CO, H 2 O 2 , etc. 14, 22) ) via the opening of these K þ channels. Recent reports regarding the procyanidin-induced relaxation mechanism concluded that relaxation results from hyperpolarization through Ca 2þ -dependent BK Ca 2þ activation. 8, 23) By contrast, Kwan et al. 9) clearly showed the involvement of vasorelaxant procyanidin-rich extract in the opening of multiple K þ channels including BK Ca 2þ , K V and K ir , consistently with our results. It is likely that whether procyanidins involve the opening of Ca 2þ -dependent or -independent K þ channels or both is dependent on multiple active procyanidins of different origin, since procyandins are heterogeneous condensed tannins of catechins and/or epicatechins. In addition, the finding that each AP polymer showed a variety of lipase inhibitory activities 1) suggested a possible synergic effect in vasorelaxation by procyanidin polymers. Further study is thus needed to clarify how each polymer of apple procyanidins induces vasorelaxation and underlies the mechanism. Taken together, the result that ODQ as well as L-NMMA þ TEA completely abolished the AP-relaxation suggests that AP is directly involved in the NO-sGC/cGMP pathway and hyperpolarization through the opening or activation of both Ca 2þ -dependent and -independent K þ channels. In conclusion, apple procyanidins had relaxed vascular contraction through a combination of the NO-sGC/ cGMP pathway and the opening of TEA-sensitive multiple K þ channels, not through activation of muscarinic receptors. The collaborative or synergic effect of procyanidins remains unclear and we are attempting to specify the mechanism using endothelium cells.
